Photo pair productions of electrons, muons, and heavy leptons and bremsstrahlung of electrons and muons are reviewed. Atomic and nuclear form factors necessary for these calculations are discussed. Straggling of electrons in matter and other sects due to 6nite target thickness are considered. Tables of radiation lengths of all materials and the energy dependence of photon absorption coefFicients of many materials are presented. Problems associated with production of particles by photon and electron beams are also discussed.
4. Thomas -Fermi model (Z & 5) 5. Simple Physics, Vol. 46, No. 4, October 19?4 The work on this paper started about ten years ago when the Stanford Linear Accelerator Center was still under construction. At that time, as in any new high energy physics laboratory, people were concerned with problems such as what would be the yields of muons, pions, E mesons, antiprotons, etc. and also whether any new particles such as S' bosons and heavy leptons could be discovered by the new machine. In the electron machine these particles are produced by the bremsstrahlung beam which in turn is
The heavy lepton has never been discovered. Recently interest in the possible existence of heavy leptons has gained a new impetus because in some versions of the gauge theory heavy leptons are required to make the united theory of weak and electromagnetic interactions finite (Georgi and Glashow, 1972; Bjorken and Llewellyn Smith, 1972) . These gauge theories do not aBect the calculation of heavy lepton production by pair production. The decay modes of heavy leptons have been considered by many authors. The most complete pre-gauge theory version was given by Tsai (1971) , and the post gauge theory version was given by Bjorken and Llewellyn Smith (1972) . The two versions are essentia, lly identical except that in the latter there is a possibility that heavy neutrinos also exist in nature, and if the mass of the heavy neutrino is lighter than that of charged heavy leptons, additional decay modes into these heavy neutrinos must be included. The reader is referred to these two papers and also to a review paper by M. Perl (1972) for details on the present status, both experimental and theoretical, of heavy lepton research.
The objectives of this paper are two: (1) to put together in one place all the formulas pertaining to bremsstrahlung and pair production of electrons and muons and the associated phenomena of electromagnetic shower theory useful in high energy physics experiments, and (2) to obtain the production cross section of heavy leptons to assist in the discovery of these new particles. The underlying physical principles involved in this paper are not controversial and 816 Yung-Su Tsai: Pair production and bremsstrahlung of charged leptons are to a large extent well known. However, this paper is not strictly speaking a review paper because, rather than reviewing the existing literature, we have concentrated on making this paper self-contained, and whenever possible we have tried to present new results which are either more accurate or simpler to handle than what exist in the literature.
The table of contents shows the materials to be discussed. They are arranged so as to give a logical development of the theory. From a practical point of view, however, the subject matter. can be divided into three obvious parts: (1) electron, (2) muon, and (3) heavy lepton. Let us describe briefly the major topics discussed in each part
(1) Electron. The part dealing with bremsstrahlung and pair production of electrons is of the greatest practical importance because an. electron loses its energy so easily by bremssrrahlung in passing through a medium, and also because a photon gets absorbed in a medium mainly by pair production of electrons at high energies. This part is useful to those experimentalists who have to deal with high-energy electrons or photons in any part of their experiment. For this purpose we give: (a) (Table III. 3); (c) Energy angle distribution, do/dQ dp, energy distribution do/dp for pair production from hydrogen and helium atoms (Sec. IIIA2), IIIE; (h) Straggling of an electron in a medium due to bremsstrahlung is given in Sec. IVA, which is very important in the external photon correction to electron scattering experiments or any other experiment in which an electron is involved; (i) Production of particles using a photon beam is discussed in Sec. IVD.
(2) Muon. This part is useful for those people who want to estimate the muon Aux from an electron machine eegr the target. In the proton machine the muon Aux comes mainly from the decay of pions which are produced by the proton impinging on a target. In the electron machine, the usable muon source comes mostly from photo-pair production. Even in the electron machine there are more pions produced than muons Lsee SLAC Users Handbook (1971) Section Cj, hence at a distance of one decay length from the target there will be more muons from pion decay than photo-pair produced muons. Numerical examples of angular distributions do/dQ dp, momentum distributions do/dp, and the total cross sections 0-are given in Sec. V. To obtain the yield of muon Aux per incident electron on a target of T radiation lengths, one may use Eq. (4.13) and the appropriate expression for do/dQ dp. For small angles, the process is dominated by the coherent production, hence do/dOdp given by Eq. (3.5) with X given by Eq. (3.76) may be used. For large angles, incoherent production from nucleons in the nucleus, as well as the production accompanied by meson production, must be included. Energy loss due to muon bremsstrahlung is discussed in Sec. IIIG.
(3) Horny Eoptoe In. Sec. V we give numerical examples of the energy angle distribution da/dQ dp, the energy distribution der/dp, and the total cross section o. for the production of heavy leptons. We hope these numerical examples will help experimentalists in designing experiments to discover the existence of heavy leptons.
Since we are dealing with one-photon exchange processes, the cross section is dominated by thc kinematical i cglon where the momentum transfer is small. Expressions for the minimum momentum transfer for various processes are derived in Appendix A. Appendix 8 deals with atomic form factors, nuclear form factors, and Ineson production form factors used in our calculation.
Even though we know now that pair production and bremsstrahlung processes are theoretically closely related, the bremsstrahlung process was recognized and studied much earlier than the pair production process. This . is because the bremsstrahlung process can be qualitatively understood using only the classical Maxwell equations Lsee, . for example, Panofsky and Phillips (1955) j, whereas for the pair production process it is necessary to use the Dirac equation. The bremsstrahlung process was studied as early as 1923 (Kramers) . The Dirac equation was invented in 1928 (Dirac). The positron was discovered in 1932 (Anderson) . The first calculations on pair production were by Nishina and Tomonaga (1933) , Oppenheimer and Plesset (1933) , and Heitler and Sauter (1933) . Bethe and Heitler (1934) treated both bremsstrahlung and pair production relativistically using the Born approximation, in which the screening of the nuclear Coulomb field was properly taken into account. Wheeler and Lamb (1939, 1956 ) treated the same phenomena in the field of atomic electrons. Experimentally, the productions in the nuclear Coulomb field and the electron 6eld always occur together, hence two effects must be combined in order to make comparison with experiments. When the atomic number Z is large, the correction to the one-photon exchange mechanism must be included, and this was done by Bethe and Maximon (1954) , Davies, Bethe, and Maximon (1954) , and Olsen (1955) . It should be noted that in Bethe and Maximon it was erroneously stated that the Coulomb correction affects only the pair production but not the bremsstrahlung. This error was corrected by Olsen (1955) . The radiative corrections to bremsstrahlung and pair production were treated by Mork and Olsen (1965) , and an experiment was carried out by Schulz and Lutz (1968) to confirm their calculations.
The polarizations of electrons and photons in the pair production and bremsstrahlung of electrons were calculated by Olsen and Maximon. (1959) . There are many review papers on the subject of pair production and bremsstrahlung of electrons. The most useful ones are Rossi (1952) , Bethe and Ashkin (1952) , and Koch (1959, 1969) . take place in a medium of finite thickness (except in the coihding beam experiments), the effect Gf which must be taken into account in actual applicaiions of the theory.
The muon was discovered not as the result of a single observation, but rather as the conclusion of a long series of experimental and theoretical investigations in the cosmic rays. A high-energy muon is characterized by its deep penetrating power. Unlike electrons and photons, it does not produce electromagnetic shower because of its heavy mass. Also unlike all hadrons it does not have strong interactions, hence its energy loss is practically all due to ionizations only. As early as 1932 this deep penetrating characteristic was seen in a cosmic ray experiment (Rossi, 1932) .
The definitive identification of a muon came in 1937 from the observations of Neddermeyer and Anderson (1937) and those of Street and Stevenson (1937) .The p -+ e decay was discovered by Williams and Roberts (1940) , and the~-+ tl, decay was discovered by Lattes, Occhialini, and Powell (1947) . The photoproduction of muon pairs was observed much later. In 1956, Masek and Panofsky' succeeded in separating one member of the pair from a large background of pions and electrons in the photoproduction.
In 1962
Aberigi -Quaranta et gl. observed muon pairs in coincidence and confirmed the Bethe -Heitler formula to within five percent accuracy.
The most accurate test of quantum electrodynamics using electron pair production was carried out by Asbury et al. (1967) , and using muon pair production by Hayes et al. (1970) . The results of these experimerits show that the Bethe -Heitler formula is correct even when the lepton propagators are far off the mass shell in the space-like region. The test of QED using the wide angle bremsstrahlung of an electron was carried out by Siemann et at. (1969) , and using that of a muon by Liberman et al. (1969) . %either of these two experiments saw any deviation from the Bethe- Heitler formula. The results of these experiments can be regarded as indicating the absence of the kind of heavy lepton which decays into an electron and a photon or a muon and a photon. If such heavy leptons exist, they must show up in the lepton propagator, thus altering the prediction of the Bethe -Heitler theory (Low, 1965) . For this reason we shall assume that heavy leptons, if they exist, will not decay into y + e or y + p, but decay weakly into e+ v+ v, p, + v+ v, m-+ v, E+v, p+ v, etc. (Tasi', 1972 ).
The existence of an electron is essential for all chemical bindings and chemical interactions. The existence of pions is essential for nuclear binding (Vukawa, 1935) . The existence of the muon was not predicted before its discovery and nobody knows why it should exist; in particular nobody has an explanation for why its mass is ns"207m"which is slightly less than the lightest hadron, pion. Since nobody understands why the muon should exist, there have been speculations that there might be other similar particles in nature yet to be discovered (Zel'dovich, 1962 Wheeler and Lamb (1939, 1956 Bremsstrahlung by electrons and muons will also be discussed because they are related to the pair production of these particles by the substitution rule. Relatively simple expressions for the energy angle distribution for pair production do. /dQ dp and bremsstrahlung dob/dQi, dk can be obtained when the angle is small and leptons are all extremely relativistic. More explicitly, we shall assume the kinematical conditions specified by (8.4) in the derivation of approximate expressions.
For the electron pair production near the forward angle, we need to take into account the atomic screening. Of course at large angles the nuclear form factor must also be considered, even for electron production. When t;"r"",,", 2 is comparable to unity, we have to include the effect due to nuclear form factors. In this subsection we limit our discussion to small-angle production, so that the nuclear form factors can be ignored. The expression for da. /dQ dp (no screening), except for the Coulomb correction and the terms proportional to Z, was first derived by Sommerfeld (1939) .
The terms proportional to Z' in (3.1) and (3.2) are equivalent to the formulas given by Davies, Bethe, and Maximon (1953) and Olsen and Maximon (1959) . The terms proportional to Z come from G2'""(t) and they are usually ignored (they should not be!).
It will be convenient for our later discussions to write dQ dp dQ dp
Using the simple form factors given by Eqs. (B3g) 
where X PZ -2Z'f(( Z) )' ) (3.5) (no screening) dQ dp
LG el(t) + G inel(t) j g (3.6) Wheeler and Lamb (1939, 1956) [1/(2gn) ) + 13/3 -2 ln (1 + C') -(13/2) C arctan (1/C) + (1/6) (1+C-), (3.25) The reason for using the variables y and e is that for the Thomas -Fermi model~( y), q2(y), Pi(c) and $2(e) are universal functions independent of Z. Since In Table III .4, the columns labeled "Analytical simulation"
refer to the results obtained by using the above equations. These equations are not entirely obtained by curve fitting. They possess the following general properties which all these functions must have:
( 1) 0 1(7) 0 2(v), Pi(~), and P2 (~} are ail monotonicaHy decreasing functions, and in the no screening limit all of them must reduce to the common analytical expression given by (3.37) .
(2) The relations (3.34) and (3.36) must be satisfied in the complete screening limit, i.e. , C. 0() 
where the equality signs hoM only when y and~are large.
(3) p, (0) and P, (0) Thr particular analytical forms chosen in the above will become obvious after the next discussion.
In order to calculate energy angle distribution, d0/dQ dp and do/dpi dk, we have to know X,i and X;,i. However, the angular distribution of bremsstrahlung and pair production are mostly determined by the multiple scatterings in the target, rather than the production mechanism.
Therefore X,i and X;", i obtained from using the simple form factors discussed in Appendix B, see Eq. (B38) 
The results of this simulation are given in the column labeled "Dipole simulation" in Ta,ble III.4. The name "dipole" comes from the fact that the atomic form factor F for a hydrogen atom has a dipole structure.
I.et us discuss the numerical results shown in Table III .4: They are tabulated in Table 3 .4. b and b' are 6 = a6 and b' = a'8, where
(1) As mentioned previously, in the limit of large y and e, all the functions yi(y), q2(p), Pi(e), and $2(e) reduce to the common expression given by Eq. (3.37), whose numerical values are also tabulated in the column labeled "Unscreened Target" in Table III .4. YVe notice that the inelastic screening functions P, (e) and $2(e) approach the asymptotic form much sooner than the elastic screening functions p, (p) and p~(y) do. Also the approach to the asymptotic form is the earliest for the "Dipole simulation, " the next is the "Monopole simulation, " and the last is the "TFM. "
Since "Dipole simulation" uses the hydrogen form factor and "TFM" is supposed to be good when Z is large, we expect that for small Z elements the true values of the screening functions must lie somewhere between "Dipole -simulation" and "TFM. " "Monopole simulation" has such a property. (0) is concerned. Our investigation here shows that functions yi (y), p~(p), P&(e), and P2(e) are relatively insensitive to the detail of the atomic form factors as long as they are normalized correctly at p = 0 and e = 0. "Monopole simulation" difIers from "TFM" by 2% at most, and "Dipole simulation" differs from "TFM" by 4% at most.
(3) At high energies where the screening is almost complete in a large part of the spectrum, the places these differences show up occupy but a small fraction of the total spectrum. The difference is appreciable only when b' = 3.6201m. (1) For hydrogen and He atoms, do/dQ dp can be obtained from Eq. (3.5) with X given by (3.18) and (3.19).
d~/dp can be obtained from Eq. (3.9) with pr, q», fr, and P, given by Eqs. (3.25), (3.26), (3.27), and (3.28).
(2) For Z & 3, do/dQ dp can be obtained from Eq. (3.5) with X given by (3.44) and (3.45) and the parameters a and a' given in Table 8 .4. (3) For do/dp, we use Eq. (3.9) with pr, y2, f,, and fg iven by Eqs. (3.46) through (3.49) for Z = 3 and Z = 4, and Eqs. (3.38) through (3.41) for Z ) 5.
The angular distribution of an electron for the pair production at small angles is mostly determined by the multiple scattering in the target rather than by the angular distribution of the production. Hence, in general, one needs to know only very qualitative features of do/dQ dp. This is the reason why we did not try to give a better prescription than (2) above, which is accurate only to within 4% as discussed before. In the calculation of the energy dependence of the cross section, f, we have included the correction due to the recoil of the target electron which was ignored in Eq. (3.9). The exact calculation of the lowest order cross section for pair production off an electron target was erst performed by Votruba (1948) . This calculation involves eight Feynman diagrams. Earlier, Borsellino (1947) and Ghizzetti (1947) considered an approximation in which only two diagrams shown in Fig. 1 (1939) , which was later corrected in Errata (Wheeler and Lamb, 1959 (1956, 1957 ). The energy spectrum of bremsstrahlung-produced by a thin crystal has many spikes and it is linearly polarized. Hence it is a source of linearly polarized semimonochromatic photon beams at high energy photon laboratories. This subject was extensively reviewed by Diambrini (1968) . The attenuation constant of a photon beam in a thick crystal is dependent on the polarization of the'photon. Cabibbo et al. (1962) proposed that this fact can be used to obtain a polarized photon beam and also that it can be used as an analyzer for the photon polarization. The most up to date discussion on this subject can be found in a paper by Eisele et aL (1973) . The effects of polarization of medium become important only when the energy is above 1000 GeU. The references on this subject can be traced back from the paper of Uarfolomeev and Svetlolobov (1959 
C. Muon pair production
The existence of atomic electrons can be ignored in muon pair production, because the t;"involved is much larger than the inverse square of the atolnic radius and also because the threshold energy required is too high for production in the electron 6eld. Instead of atomic form factors, we need to consider the nuclear form factors. Most of the cross section occurs within a few units qf the characteristic angle 8, m"/E, and in this small angular range only the elastic form factor is important. Equation (3.5) can be used for calculating the energy angle distribution, except now G2(t) is a nuclear form factor. Since G2(pp) = 0 for the nuclear form factor, the result of (3.5) is identical to that obtained by using the Weizsacker -Williams approxirnation (Kim and Tsai, ' 1973) 
D. Energy angle distribution of brernsstrahlung
The matrix elements of the bremsstrahlung are related to those of pair production by the substitutions k & -+ -k and p~-p, where p is the four-momentum of either the incident particle in the bremsstrahlung emission or the fourmomentum of one of the pair of particles in the pair production. In the energy angle distribution of the bremsstrahlung, all the final particles except the photon are integrated out. In-our calculation of the energy-angle distribution of the lepton, all the final particles except one lepton are integrated out. We show first that these two partially integrated, cross sections are also related by the substitution rules. To the lowest order in n, the energy angle distribution of the bremsstrahlung for an. electron is the same as that for a positron. Similarly to the lowest order in o. , the electron and the positron have the same energy angle distribution in the pair production. For convenience, let us call the incident particle in the bremsstrahlung a positron, and the detected particle in the pair production an electron. With this convention, the final state integrations in both cases are with respect to a positron and the hadronic final states. I.et k, p;, pt, p+. be the four-momenta of the photon, the initial hadron, the final hadron, and the final positron, respectively, and p the momentum of either the initial positron in the bremsstrahluhg or the final detected electron in the pair production process. In the laboratory system the energy 
(3.82)
The functions pi, p~, P,, and P2 are identical to those for the pair production problem. When the energy is high, and if one is not particularly concerned with the detailed shape at the high-energy tip of the bremsstrahlung spectrum, the which is identical analytically to that for pair production However, numerically t;"' can be quite different in the two problems because in the pair production we have E/k( (1, whereas in the bremsstrahlung we have k/E ( 1.
As a consequence, the complete screening formula has a wider range of applicability in the bremsstrahlung problem than in the pair production. 
G. Muon bremsstrahlung
As noted previously, even though t"""' for the bremsstrahlung has an identical analytical expression to that for the pair production, numerically the former can be much smaller than the latter. In muon pair production, the atomic screening as well as the production in the electron field can be ignored, but for muon bremsstrahlung neither of these effects can be ignored when the photon emitted is very soft.
The atomic radius is roughly given by a~Z 'I'137/m-, Hence the atomic screening becomes important when 1 & t~;"""a = Pm"'k(1 + l)/2E(E -k) j(Z '"137/m, ). It should be emphasized that -the problem we are discussing here is usually called the "outer bremsstrahlung" or "external bremsstrahlung, " in contrast to the "inner bremsstrahlung" or "internal bremsstrahlung"
which one deals with when discussing the bremsstrahlung emission during the large angle (angle much larger than one characteristic angle) scattering. There are two major distinctions between the two kinds of phenomena (Mo and Tsai, 1969 ).
For inner bremsstrahlung, the scattered electron or muon is detected at an angle much greater than one characteristic angle. In this case the bremsstrahlung emission is roughly proportional to ln ( -q'/m'). -1, hence the radiative corrections to muon scattering are about 0.25 to 0.5 of the radiative corrections to electron scattering in the q' range of 1 to 10 GeV. This is to be contrasted with the corresponding ratio (m, /m~) ' 40 000 ' for the outer bremsstrahlung.
For the inner bremsstrahlung, the angular distribution of photons is concentrated in two directions, namely, along the incident electron (or muon) and along the outgoing electron (or muon). The root mean square angle between the photon and the electron (or muon) is (Hb')'I'~(m/E)'w here E is the energy of the incident or outgoing lepton.
For the outer bremsstrahlung the characteristic angle is m/E with respect to the incident lepton.
In electron scattering experiments, both the external and the internal bremsstrahlung have to be considered Lsee Mo and Tsai (1969) and Tsai' (1971) j, whereas in muon scattering experiments we need to consider only the corrections due to the internal bremsstrahlung, The external bremsstrahlung of muons is important when one is dealing with shielding of muons which have energies of more than one hundred GeV.
IV. EFFECTS DUE TO FINITE TARGET THICKNESS
When one is dealing with photons or electrons in any experiment at high energies, it is important to take into account the attenuation of the photon beam and the straggling of the electron in the medium. At high energies the attenuation in the intensity of a photon beam is mainly due to electron pair production, given by Eq. (3.75) . Effects such as ionization, Compton scattering, nuclear excitation, meson production, etc. are negligible, even though these effects have one or two less powers of n in their expressions for the cross section than the pair production. The straggling of the electron at high energies is mainly due to bremsstrahlung. Landau straggling (Landau, 1944) , i.e. , the energy straggling of the electron due to the e -e scattering, can be ignored compared with that due to bremsstrahlung emission if the energy loss AE satisfies the inequality (Tsai, 1971) 
D. Production of particles using a photon beam
The photon source may be a bremsstrahlung beam obtained by placing a radiator upstream in the case of an electron accelerator, or it may be a photon beam produced by m. decay, as is usually the case for the proton accelerator.
In the former case the photon flux is given by I,(Eo, k, t) dk per incident electron or positron. In the latter case m flux is usually estimated by assuming that it is the average of m+ and~fluxes. In either case the photon spectrum can be determined by a pair spectrometer. Let us assume that the photon Aux impinges upon a target of thickness T r.l. and the photoproduction cross section is given by do/dQ dp. Tsai (1973) . The concept of a pseudophoton flux of a charged particle has a meaning only in the frame where the particle is moving with extreme relativistic speed. (See, e.g. , Appendix C of Kim and Tsai, 1973) . Since the incident electron is already relativistic in the laboratory system, the concept of pseudophoton Aux is directly usable in the laboratory system without making a Lorentz transformation which is required when one is dealing with the psuedophoton Aux of a target particle. k& k"""and k""")0 are satished.
For the calculation of (~2) D p;"calculated according to the above formula is less than zero, then p;"= 0.
The total cross section 0-is calculated from do -= 2' dp dr dcos0, , e 
where p, and p;"are calculated according to the prescription given above. In the calculation of both do. /dp and o-, the computer has to be instructed to skip the calculation unless the threshold condition, 
B. Energy angle distributions
The values of do/dQ dp for photoproduction of muons are given in (ii) The total do/dQ dp from a Be target can be obtained approximately from "Be Coherent" + "Be Quasielastic" + 9 & "Proton Inelastic. " The "Proton Inelastic" is the contribution from the meson production parts of t/t/"~and t/t/"g iven by Eqs. (858) and (859) . There are four protons and five neutrons in Be. The meson production parts of neutron form factors are slightly smaller (Kendall, 1972) (v) At large angles the magnetic form factor of the proton dominates the cross section because the ratio of the cross sections from "Proton Elastic" to "Neutron Elastic" is roughly given by the ratio (p"/p, ") ' = (2.79/1.91)' = 2.13.
(vi) Tables V. 1.C and V.1.D give the momentum distributions of muons at angles 0 = 0, 0.1, and 0.2 rad. We see that at 0 = 0 there are more high-energy particles than low-energy ones, whereas at 0 = 0.1 and 0.2, the opposite is true. The entries "0. 0" in the cross sections mean that Fig. 3 and define a momentum transfer squared t as:
In Table V .3, the numerical values of da/dp a, re given. Kim and Tsai (1973) and the result is given in Eqs.
(82) and (83) 
where G2'""(t) is given by (89).
G2" (t) can be regarded as the form factor associated with the scattering from a screened Coulomb field of a nucleus, whereas G2'""(t) can be regarded as the form factor associated with the scattering from electron field screened by the nucleus. From Eqs. (86), (87), and (89), we see immediately the following properties: 
Since there is only one electron in the hydrogen atom, the last term in Eq. (89) 
(820') P, = X' exp l -q(r, + r, )/ao), (2) xp is replaced by a function of v: UP = (5v -4.5 ln v -2)/(1 -v + 3v'), (836) which is slightly greater than xo.
From Table 8 .3, we see that the suppression factor 5 (Moliere) is always less than 5 (Thomas -Fermi) . The difference is quite significant when v is small. However the quantities we are interested in are quite insensitive to this difference. For example, the radiation logarithm for the production in the electron field, Wheeler and Lamb (1956) . In the origina, l paper of Wheeler and Lamb (1939) and all the subsequent papers in which their results were quoted, the value ln (1440Z 'ts) was used. Now ln (1194Z 't') differs from ln (1274Z 't') by less than one percent when Z = 1. The percentage difference increases with Z, but the contribution of the production in the electron field becomes less important compared with the production in the nuclear field as Z is increased. Hence we shaH use 5 (Moliere) where the parameter u' is again determined such that in the limit of complere screening one obtains the desired expression for da/diaz, dk. Compared with the results obtained from using Z5 (Moliere) 
where r = t/(4m"') . The discussion of the accuracy of these form factors can be found in the paper by R. Wilson (1972 (Pratt, 1965) 
G-'(o) = r(i + 1)/(3i)) (~'/~n)"I -',
where j is the spin of the target and p,"is the nuclear dipole magnetic moment in units of eh(2m") ' -= nuclear magne-'tOIl.
W&(coherent) = 2' 5(mf' -mP) Z'/(1 + t/d)' (849) For the particular case of Be nucleus (Z = 4, A = 9, j = 3/2, and it = -1.18), both the electric and magnetic form factors are known experimentally (Rand, 1965) . (851) We have computed the lepton production cross sections from Be target using the simple expression Eq. (849) and the more precise expression Eqs. (850) and (851). Because of the exponential factor in the latter, the form factors decrease much more rapidly at large t for the latter than for the former. However when t is so large that two form factors are appreciably different, usually the incoherent processes become more important than the coherent ones. Hence the simple expression is adequate for estimating the total yield if we add together all the contributions. The same comment can be applied to the form factors of other nuclei. Q = P/(2m")'+ t.
The approximation of the quasielastic bump by a 6 function is equivalent to ignoring the Fermi motion of the nucleons within the nucleus. Since nucleons can move parallel as mell as antiparallel to the direction of the incident photon, the Fermi motion does not affect the gross features of the cross section except near the threshold of the production.
E. Meson production form factors
In this case we assume the target to be completely incoherent, namely m, = m", D. Inelastic nuclear form factors W2 (meson production) = ZW2"(t, mi') + (A -Z) W2 (t, mis) W, (meson production) = ZWi"(f, mi') + (A -Z) Wi"(t, ntfs), A nucleus when excited by an electron has many excited levels and a broad bump called the quasielastic peak. In a calculation such as what we are doing, it is impractical to and consider the contribution from each excited level because there are too many of them. The most logical thing to do is to draw a smooth curve representing the local average of the low lying excited levels, the giant resonance, and the (856) 
